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Abstract To choose a reasonable mode of three-phase
winding for the improvement of the operating efficiency of
cascaded linear induction motor, the time and space char-
acteristics of magnetomotive force were investigated. The
ideal model of the cascaded linear induction motor was
built, in which the B and C-phase windings are respectively
separated from the A-phase winding by a distance of d and
e slots pitch and not overlapped. By changing the values of
d and e from 1 to 5, we can obtain 20 different modes of
three-phase winding with the different combinations of d
and e. Then, the air-gap magnetomotive forces of A-, B-,
and C-phase windings were calculated by the magneto-
motive force theory. According to the transient superpo-
sition of magnetomotive forces of A-, B-, and C-phase
windings, the theoretical and simulated synthetic funda-
mental magnetomotive forces under 20 different arrange-
ment modes were obtained. The results show that the
synthetic magnetomotive force with d = 2 and e = 4 is
close to forward sinusoidal traveling wave and the syn-
thetic magnetomotive force with d = 4 and e = 2 is close
to backward sinusoidal traveling wave, and their ampli-
tudes and wave velocities are approximately constant and
equal. In both cases, the motor could work normally with a
high efficiency, but under other 18 arrangement modes
(d = 1, e = 2; d = 1, e = 3; d = 1, e = 4;…), the syn-
thetic magnetomotive force presents obvious pulse vibra-
tion and moves with variable velocity, which means that
the motor did not work normally and had high energy loss.
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1 Introduction
Linear motor is a kind of electrical equipment which can
directly convert the electrical energy to linear movement.
Compared with traditional rotating machine, the drive
system of linear motor works without the intermediate
gearing, which simplifies the driver system, and makes its
linear velocity unlimited and moving process without
mechanical touch. In addition, the noise level of linear
motor is very low. For all these characteristics, linear motor
is widely applied to high-speed ground transportation [1–4].
When the pole number of a linear motor is not less than
six, the values of negative-sequence current and zero-
sequence current are much small compared with the posi-
tive sequence current; thus their influence on the cascaded
linear motor can be ignored [5, 6]. In this case, the
asymmetry of three-phase current will not be considered.
With three-phase symmetrical current flowing into three-
phase winding, linear motor will produce a traveling
magnetomotive force (MMF) wave in the air-gap between
primary and secondary windings. Since the energy
exchange in mechanic-electronics is achieved by the air-
gap magnetic field of linear motor [7], the time and space
characteristics of the MMF wave directly affect the oper-
ating efficiency and energy consumption in linear motor.
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The motor can work efficiently with the waveform of the
MMF close to a sinusoidal traveling wave [8].
The finite element method (FEM) is an effective and
accurate method to investigate the linear motor character-
istics. Lu et al. [9] analyzed the features of air-gap mag-
netic field in large air-gap linear induction motor. Selcuk
and Kurum [10] built a simplified FEM model of an actual
short primary linear induction motor and solved it for air-
gap magnetic field distribution. Lu et al. [11] analyzed the
two-dimensional transient air-gap magnetic field of long
primary induction motor with the help of FEM. Li et al.
[12] studied the characteristics of temperature field for
tubular linear motor with the FEM. In this paper, we will
solve the single-phase winding MMF and three-phase
winding-synthesized MMFs in single-side linear induction
motor (SLIM) by the classical theory of MMF [13] and
adopt the FEM to validate the theoretical results. The work
conditions and efficiency of SLIM are then optimized by
analyzing MMF characteristics with different three-phase
winding arrangement.
2 Theoretical analysis and simulation model for SLIM
2.1 The MMF of A-phase winding
The established theoretical model of SLIM is shown in
Fig. 1, in which the leak flux in this model is ignored. In
this model, it is assumed that primary and secondary are
infinite long, primary iron yoke is not in magnetic satura-
tion, the magnetoconductivity of primary and secondary is
infinite, and magnetic induction intensity only contains the
component in the y axis direction. It is also assumed that
the current flows along the z axis direction, the equivalent
air-gap d between primary and secondary is distributed
evenly along the x axis direction, the magnetic potential
difference of three-phase winding is distributed evenly
along the air-gap, the number of pole pairs is p and pole
pitch is three slots pitch long, and the three-phase wingding
is a bi-layered full-pitch winding.
Without loss of generality, the sinusoidal current as






IA cos xt: ð1Þ
With reference to Fig. 1, according to the Ampere’s
circuital Law, A-phase winding MMF in air-gap can be
expressed as [14]
fA ¼ Hy  d ¼ N  iA when  p
2




fA ¼ Hy  d ¼ N  iA when p
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where m = 1, 2, 3, …, electrical angle h = px/s, the
number of turns in series winding N = 2pNc, and Nc is the
number of turns in a single coil.
Since the quantity fA(h) represents a periodic square
wave along the air-gap, it can be represented by the Fourier
series as
fAðhÞ ¼ fA1 cos hþ fA3 cos 3hþ fA5 cos 5hþ   












 NiA sin n p
2
; ð4Þ
n = 1, 2, 3, …
Substituting Eqs. (1) and (4) into Eq. (3), we have the
instantaneous value of A-phase wingding MMF:


















From Eq. (5), we can find that A-phase winding MMF
after the Fourier series transformation can be decomposed
Fig. 1 The theoretical model of SLIM and A-phase winding MMF distribution diagram
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into fundamental wave and a series of higher harmonics,
and the amplitudes of fundamental wave and higher
harmonics pulse over time with the current frequency.
Because fundamental wave determines the energy
conversion of linear motor and its main performance, it
is most important and fundamental to analyze the
fundamental MMF [15].
2.2 The MMFs of three-phase winding
As shown in Fig. 2, when the B and C-phase windings are
respectively d and e slots pitch away from the A-phase
winding, we can obtain the MMF of B-phase winding and
C-phase winding respectively by moving the MMF of A-
phase winding pd/3 and pe/3 along the positive direction of
h axis, respectively.
Let three-phase current flow into three-phase winding,
through above analysis we can obtain the expression of the
fundamental MMF for A, B, C phase windings,
respectively,





NIA cosðhÞ cosðxtÞ; ð6aÞ






























Adding the instantaneous values of fundamental MMF
with A, B, C phase windings, we have the fundamental
MMFs:
Fðh; t; d; eÞ ¼ FAðh; tÞ þ FBðh; t; dÞ þ FCðh; t; eÞ: ð7Þ
According to the theoretical model of SLIM, the values
of d and e can be taken from 1, 2, 3, 4 and 5 in a cycle of
MMF, so that the number of arrangement modes of three-
phase winding is 20 with the combination between d and e.
The results of fundamental MMFS with different
arrangements of three-phase windings will be analyzed
later.
2.3 The simulation model for SLIM
The simulation model of SLIM is established by Ansoft
Maxwell as shown in Fig. 3. Table 1 presents the specific
parameters related to this model. Different simulation data
of MMFs will be obtained by changing the relative posi-
tions of three-phase winding.
3 Results and analysis
3.1 The MMFs with d = 1 and e = 2
Referring to Fig. 2, we move B-phase winding and C-phase
winding from the position of A-phase winding 1 slot pitch
and 2 slots pitch, respectively. Then, substitute d = 1 and
e = 2 into Eq. (7) and the expression of fundamental
MMFs is calculated by trigonometric formula [16]:





NIA½2 cosðxt þ hÞ þ cosðxt  hÞ










The MMF is composed of three forward traveling waves
and two back traveling waves referring to Eq. (8), and the
results are shown in Fig. 4. As can be seen in Fig. 4a, when
the spatial MMF waveform is at the transient time of
xt = 0, p/2, p, 3p/2, respectively, and with a scaling factor
b ¼ 2 ﬃﬃﬃ2p NIA=p, the MMF pushes to the left in space and
exists obvious vibration. The movement with variable
velocity is shown in Fig. 4c, d. These features will reduceFig. 2 Three-phase winding distribution diagram
Fig. 3 The simulation model of SLIM
196 D. Zhou et al.
123 J. Mod. Transport. (2013) 21(3):194–199
the efficiency of linear motor thrust in the horizontal
direction, and at the same time also bring high energy loss.
According to the simulation model for SLIM, when
arranging three-phase winding to be d = 1 and e = 2, the
simulation transient waveform of the MMF is shown in
Fig. 4b, which further validates the characteristics of MMF
with d = 1 and e = 2.
3.2 The MMFs with d = 2, e = 4, and d = 4, e = 2
In order to keep the amplitude and wave velocity of MMF
invariant over time and avoid the pulse vibration and
movement with variable velocity of MMF, we solved the
MMFs under different arrangements of three-phase wind-
ing. The result indicates that the MMFs in the condition of
d = 2, e = 4 or d = 4, e = 2 are a traveling wave with its
amplitude and velocity being constant as shown in Fig. 5a,
c, which are expressed, respectively, by Eqs. (9a) and (9b):





NIA cos xt  hð Þ; ð9aÞ





NIA cos xt þ hð Þ; ð9bÞ
where h ¼ k  x ¼ ps  x.
From Fig. 5a, c, we can see that F(h, t, 2, 4) is a forward
traveling wave and F(h, t, 4, 2) is a backward traveling
wave. Their amplitude and wave velocity can be expressed
as






mðh; t; 2; 4Þ ¼ mðh; t; 4; 2Þ ¼ x
k
¼ s  x
p
: ð10bÞ
Table 1 SLIM parameters for simulation model
Parameter Value Parameter Value
Virtual current IA 8 A Air-gap d 0.5 mm
Power frequency f 50 Hz Slots per pole per phase q 1
Pole pitch s 36 mm Turns per coil Nc 60
Pole pairs p 8
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Fig. 4 The MMFs with d = 1 and e = 2 and its amplitude and velocity characteristics. a theoretical fundamental MMFs. b simulated MMFs. c
amplitude of theoretical fundamental MMF. d velocity of theoretical fundamental MMF
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Based on the simulation model for SLIM, we also
changed the arrangement mode of three-phase winding to
d = 2, e = 4 and d = 4, e = 2, respectively, and obtained
the MMFs simulated by Ansoft Maxwell. The results are
shown in Fig. 5b, d. Since the simulation model for SLIM
is not fully ideal and its MMFs contain other higher
harmonics, the MMFs are close to sinusoidal traveling
wave with constant amplitude and velocity.
4 Conclusion
Based on the classical MMF theory of rotating machine, we
established the theoretical model and simulation model for
SLIM, in which three-phase winding has 20 arrangement
modes in a cycle of MMF, and the arrangement mode
determines the time and space characteristics of MMFs.
Through the calculation with electromagnetic theory and
finite element software simulation, we solved and discussed
the MMFs under 20 arrangement modes of three-phase
winding, respectively. On the basis of the above analysis
results, the conclusions are drawn as follows:
(1) The MMFs with d = 2 and e = 4 are close to
sinusoidal wave, and it travels toward the positive
direction with the constant amplitude and velocity. In
this case, the motor can work normally with a high
efficiency.
(2) The MMFs with d = 4 and e = 2 are close to
sinusoidal wave, and travel toward the negative
direction with the constant amplitude and velocity.
Also the motor can work normally with a high
efficiency.
(3) In other 18 conditions, the MMFs show obvious pulse
vibration and movement with variable velocity, such
as the MMFs under d = 1, e = 2. This means that the
motor does not work normally, and instead it has high
energy loss.
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Fig. 5 The MMFs with d = 2, e = 4 and d = 4, e = 2. a theoretical fundamental MMFs with d = 2 and e = 4. b simulated MMFs with d = 2
and e = 4. c theoretical fundamental MMFs with d = 4 and e = 2. d simulated MMFs with d = 4 and e = 2
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